Introduction
The use of biomass as a biofuel or bioenergy feedstock, and its implementation in a bioremediation system could contribute simultaneously to the mitigation of current global fresh water and atmospheric greenhouse gas issues. It has consequently received increasing global attention in recent years [1] . Microalgae exhibit a higher biomass productivity (on a per hectare basis) than most terrestrial plants and offer the potential for the recovery of a number of valuable products [2] . Additionally, microalgae may also be used as a means to remove CO 2 from flue gas, along with the polishing of wastewaters, through the uptake of available carbon along with nitrogen and phosphorus species as nutrients [3] . Another important consideration associated with the use of biomass as a feedstock for biofuels is the utilization of arable lands, which is part of the fuel versus food debate [1] . Compared with other biomass sources, microalgae have an advantage in this regard, as they have small land requirements, and non-arable land can be used [4] [5] [6] .
However, the high costs associated with the drying of microalgae to appropriate processing concentrations, facilitating efficient extraction and conversion processes, represents a significant challenge limiting the techno-economic viability of biomass-to-biofuel processes [7] . Flocculation/coagulation is considered to be the most effective and convenient process for the harvesting of microalgae [8, 9] , whereby, as with colloidal systems, the suspended microalgal cells can be aggregated into large and loosely attached agglomerates [7] .
There are a number of coagulants, such as metal ions and polymers, available to facilitate coagulation and flocculation of both colloidal and microalgal suspensions. It is also possible to induce coagulation and flocculation through changes in pH [8] [9] [10] [11] [12] [13] . Coagulation and flocculation resulting from the addition of metal ions, acids or bases can generally be explained by colloidal theory (Derjaguin-Landau-Verwey-Overbeek (DLVO) theory) [12] . The addition of metal ions to a colloidal suspension results in a reduction of the electrical double layer around the microalgal cells leading to a reduction in interparticle repulsive forces. This depends heavily on the surface charge of the colloidal particles or algal cells as defined by the Shultz-Hardy rule [12] . Changes in the solution pH can facilitate coagulation as a result of the reduction in the negative charge associated with the surface of the algal cells. However, pH decrease-induced coagulation is not applicable to all microalgal suspensions, owing to a number of factors generally associated with the differences in surface chemistry of the various microalgal strains [5] .
In each of these three algal coagulation and flocculation approaches (polymer addition, salt addition and pH changes), one inherent problem persists in that the addition of metal ions, pH modifiers or polymers may present further challenges with downstream processing. In particular, they can result in high chemical costs and potentially inhibitory effects to commercialization [14] . Similarly, for microalgae cultivated in wastewater as a treatment approach, any added coagulant would either remain in the treated wastewater or would need to be recyclable to be economically viable.
Another method that has been proposed for the coagulation of colloidal particles is the use of high pressure to induce coagulation [15] . This approach has been extensively studied in the food and beverage industry for the production of cheese [16] and presents a substantial advantage in that the gas can be readily removed following coagulation, so that it does not contaminate the produce water. However, its use in the coagulation of microalgae has not been reported to date. This work examines the use of a novel salt-and polymer-free approach for the coagulation of microalgae through the addition of high-pressure gases. The coagulation of the algae was assessed in real time through the use of transmittance UV/vis spectroscopy, where increases in particle size result in increased percentage transmittance as a result of a reduced number of particles. The increased particle size results in increased rates of settling and thus increased transmittance at the midpoint of the sample. The characterization of coagulation rates of colloidal suspensions has been employed using this method in previous studies [17, 18] and will be applied to algal suspensions in this work. This approach could represent a greener and more economically viable option for the harvesting of microalgae for biofuel and biomedical applications.
Experimental methods (a) Microalgae
The microalgae Chlorella vulgaris (UTEX, B1803) was grown in a 23 l glass carboy in Bold's basal medium (BBM) [19] under continuous illumination (Orphek Atlantik V2.1 (wifi disabled) aquarium LED lighting system). The culture was continuously aerated, with filtered air (0.45 µm) to provide adequate mixing to maintain the microalgae in suspension, but without pH adjustment. A 10 l sample was collected following two weeks of growth at a steady state concentration of 0.78 g (algae) l −1 (dry mass) and subsequently used in the coagulation experiments.
(b) Analysis
Changes in aggregation of the microalgal suspensions were monitored using transmittance UV/vis spectroscopy (Agilent 8453 UV-vis spectrophotometer). The suspensions were analysed and pressurized in a custom-made high-pressure UV/vis/fluorescence cell (sapphire cell windows; 1.25 cm diameter by 1.25 cm thickness with a 0 • orientation, internal diameter of cell 15.875 mm made from 316 stainless steel). For safety and control, the vessel was connected to a pressure gauge equipped with a burst disc (20.7 MPa). All experiments were performed at room temperature (22 • C). Background percentage transmittance was taken using distilled water as the reference. Samples were pressurized and held at their respective pressures for 30 s prior to the start of each analysis. The UV/vis spectrophotometer percentage transmittance (measured 1.5 cm from the base of the high-pressure UV/vis cell, at the sample midpoint) was used to monitor the rate of coagulation as a function of time. Experiments were conducted in triplicates. A microalgal suspension volume of 10 ml was used for all experiments, with an algal suspension concentration of 0.78 g l −1 . For pressures exceeding tank pressure of CO 2 (more than 6.5 MPa), the UV/vis cell was pressurized with the use of a JASCO PU-980 pump with the pump head maintained at −5 • C to maintain the CO 2 as a liquid.
(c) Materials
Sodium chloride (Fisher Scientific; 99.8% purity) was dissolved in distilled water to make a stock solution. 
Results and discussion
Upon the addition of coagulant to a microalgal or colloidal suspension, the rate of coagulation is proportional to the efficiency (σ ) at which the cells or colloidal particles interact and form permanent attachments to each other. The inverse of the efficiency is the stability ratio (W) defined as
where σ is the efficiency of coagulation (determined experimentally from the rates of coagulation k* and k i ), k i is the coagulation rate and k * is the fastest rate of coagulation [17] . The fastest rate of coagulation relates to the rate of coagulation that would occur if every interaction between the cells lead to the formation of a 'permanent' attachment [17, 20] . Figure 1 shows the changes in the transmittance as a result of shear-free coagulation and/or particle of the microalgal suspension with respect to time. As can be seen, when subjected to CO 2 pressure, the microalgal suspensions coagulate and settle out of solutions. The rates of coagulation can be derived from the slope of the curve for each pressure condition. As can be seen, the rate of coagulation increases with CO 2 pressure in the vessel.
Using equation (3.1), it is possible to find both the efficiency of coagulation (σ ) and the stability ratio (W) for each of the samples (rates of coagulation, calculated efficiencies of coagulation and stability factors for both the addition of high-pressure CO 2 and H 2 are provided in electronic supplementary material, table S1). As the stability ratio approaches 1 (log(W) approaches 0), the number of interactions between cells that result in coagulation and particle agglomeration increases. As such, it can be inferred that one can relate the rate of coagulation to the pressure of gas applied to the system. Figure 2 shows the effect of increasing CO 2 pressure on the stability factor for the coagulation of microalgae. As noted previously (figure 1), the increase in pressure resulted in a corresponding increase in the rate of coagulation (as indicated by the decreasing log(W). The fastest rate of coagulation (k*) as a result of increasing CO 2 pressure occurred at pressures greater than 6.4 ± 0.15 MPa, above this point the rate of coagulation was unaffected by further increases in pressure.
Plotting logW as a function of log (coagulant concentration) is generally employed to define the colloidal stability of a colloidal suspension containing a conventional coagulant, where higher values of log(W) indicate good stability. Typically, as the coagulant concentration increases and aggregation of the colloids ensues, the system becomes less stable. In using pressurized gases as a means of destabilizing a colloidal suspensions, such as microalgal suspensions, the log of the gas pressure is used instead of coagulant concentration. Stability ratio curves generally exhibit two in figure 2a) , where log(W) decreases rapidly, and a coagulation zone (outlined in black in figure 2a) , where log(W) = 0 [18, 20, 21] .
The critical coagulation pressure (CCP) for a particular gas is determined by fitting a straight line to the relatively linear 'transition zone' (figure 2a) of a plot of the logarithm of the stability ratio against the logarithm of the pressure of the gas and extrapolating to the x-axis, in a similar manner as that employed for the addition of salts as coagulants [12] . Similar work investigated the high-pressure coagulation of latex particles in which CCPs were defined [15] . Through extrapolation of the linear transition zone of the stability curve, the CCP for the addition of CO 2 to Chlorella vulgaris was determined to be 6.2 ± 0.15 MPa.
Previous studies have shown that the addition or removal of CO 2 in algal growth solutions can lead to the coagulation and subsequent removal of various algal species under atmospheric pressure conditions [9] [10] [11] . In many cases, this was performed with the addition of salts or polymer to aid in their coagulation and flocculation potential. Changes in the solution pH, resulting from changes in the flow rate of CO 2 into the microalgal suspension, are generally considered to affect the surface charge of the cell particles through either the protonation or deprotonation of the functional groups at the surface [5, 10, 11] . However, microalgal cell surfaces are composed of a number of different groups, including phospholipids, proteins and carbohydrates; all of which affect the surface charge at different pH levels. In previous work, it was noted that the aerial conidia (Beauveria bassiana) surface charge varied dramatically with pH, where the highest positive zeta potential was observed (22 ± 2 mV) at low pH (pH 3), rapidly becoming negative as the pH increased (pH 5), reaching −230 ± 4 mV at pH 8-9 [5, 22] . At the pressures of CO 2 over water used in our system, the pH is expected to decrease from 9.25 down to 3.19 [23] . To ascertain the zeta potential for the microalgae at this pH and to correlate with previously reported zeta potentials, the pH was adjusted with the addition of HCl until the pH reached a value of 3.20, at this pH the zeta potential for the C. vulgaris is negative at −2.22 mV. These results indicate that as the pH of the supernatant solution decreased, the surface charge also decreased. From DLVO theory, it is known that this change in the surface charge of the cells can affect the efficiency of coagulation on the addition of CO 2 to microalgal suspensions. To assess the effect of pH on the coagulation of the microalgae, the rates of coagulation at various pH values were measured and converted to stability factors (electronic supplementary material, figure S1 ). It was found that as the pH decreased the rate of coagulation increased and a subsequent decrease in the stability factor was noted.
To verify that CO 2 pressure was the primary factor influencing the high-pressure coagulation of the microalgae as opposed to other effects such as changes in surface charge, the high-pressure coagulation of microalgae was also conducted under hydrogen gas. Hydrogen gas would not be expected to affect suspension pH. Figure 3 shows the effect of increasing the H 2 pressure on the stability factor for the coagulation of microalgae.
The CCP was then determined by the extrapolation of the linear region of the curve. As shown in figure 3b, the CCP for H 2 under the experimental conditions employed in this study (pH 8.5, shear-free, microalgae concentration of 0.78 g l −1 ) was estimated to be 6.1 ± 0.15 MPa from the line of best fit.
It is notable that the CCP for H 2 and CO 2 were not significantly different, even though CO 2 has been shown to reduce the surface charge of the microalgae, thereby facilitating cell coagulation and agglomeration as a result of the reduced repulsive forces. This finding is consistent with the work presented by Dickinson & Patel [15] , who noted that the CCP of latex particles was independent of the surface charge of the particle.
From comparison of the efficiency of coagulation (σ ) under high-pressure CO 2 and H 2 (figure 4), it was apparent that although the use of CO 2 compared with H 2 did not affect the CCP, the efficiency of coagulation and thus the rate of coagulation, was greatly affected by the choice of gas. The lower coagulation efficiencies observed with H 2 would suggest a lower proportion of interactions between cells under H 2 that result in coagulation than under CO 2 . This increase in coagulation efficiency for CO 2 is likely the result of the changes in the surface charge that occur as a result CO 2 acidity or other properties of CO 2 (such as higher compressibility) that are not shared by H 2 . At pressures above 6 MPa, liquid CO 2 is formed; this could potentially affect the coagulation of the microalgae through the swelling of the intracellular components or potential rupture of the cells. However, given that the transition zone showed a linear decrease in the stability factor and that high pressures of H 2 also resulted in coagulation, the liquefaction of CO 2 above 6 MPa is not considered to be a determining factor in the coagulation. In addition, on visual inspection of the microalgae in solution, no visible changes to the microalgae are noted following the addition of high pressures of CO 2 with respect to rupture of the cells (electronic supplementary material, figure S2 ).
To better understand the effectiveness of the high-pressure coagulation mechanism in the settling of microalgae, microalgae was pressurized to 6.4 MPa with CO 2 in a Jerguson gauge and allowed to stand until complete settling was achieved. In comparison, an analogous sample of the microalgae was placed in an open vessel and allowed to stand on the bench top at room pressure. The pressurized sample achieved complete settling within 18 h, whereas the unpressurized sample remained suspended for at least 48 h (as shown in electronic supplementary material, figure S3 ). This indicated that the coagulation of the microalgae through this methodology enhanced the settling process. However, the rate of settling is still slow by comparison with the addition of salts and polymers [9] , indicating that if time is of the essence this new methodology will require optimization to improve both the coagulation and settling processes. This improved settling might be achieved through the application of shear to the system (not explored here), and would also be dependent on the growth medium.
Conclusion
The use of high-pressure gases is an effective method to coagulate microalgae. The CCP for H 2 was determined to be 6.1 ± 0.15 MPa and for CO 2 6.2 ± 0.15 MPa. It is hypothesized that the change in surface charge as a result of CO 2 addition compared with H 2 was the primary factor for the improved efficiency of coagulation with CO 2 , resulting in faster rates of coagulation and higher efficiencies without affecting the CCP. This microalgae coagulation methodology is potentially an effective and easy method to coagulate the microalgae for subsequent harvesting without the addition of coagulant that may result in downstream issues.
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